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TECHNICAL NOTE 3858

A IOW-SPEED EXPERIMENTAL INVESTIGATION OF THE EFFECT
OF A SANDPAPER TYPE OF ROUGHNESS ON
BOUNDARY-TAYER TRANSITION

By Albert E. von Doenhoff and Elmer A. Horton
SUMMARY

An investigation was made in the Langley low-turbulence pressure
tumel to determine the effect of size and location of a sandpeper type
of roughness on the Reynolds number for transition. Transition was
observed by means of a hot-wire anemometer located at verious chordwise
stations for each position of the roughness. These observations indi-
cated that when the roughness 1s sufficiently submerged in the boundary
layer to provide a substantially linear varilation of boundery-leyer
velocity with distance from the surface up to the top of the roughness,
turbulent "spots" begin to appesr immediastely behind the roughness when
the Reynolds number based on the veloelty at the top of the roughness
and the roughness height exceeds a value of approximately 600.

At Reynolds numbers even slightly below the critical value (value
for transition), the sandpaper type of roughness introduced no measursble
disturbances into the leminar lsyer downstreem of the roughness. The
extent of the roughened area does not appear to have an Importent effect
on the critical value of the roughness Reynolds number.

INTRODUCTION

An extensive correlation of transition data for individual three-
dimensional roughness particles was made by Loftin in reference 1. This
correlation was made in terms of a local roughness Reynolds number based
on the roughness height and the velocity at the top of the roughness,

a form suggested by Schiller in reference 2 and employed by Tani in refer-
ence 3. Reasonebly consistent values of the critical roughness Reynolds
muber were obtained by Loftin in reference 1, so long as the roughness
was sufficiently submerged in the boundary layer to provide a velocity
variation that was substantially linear with distance from the surface

up to a height equel to the height of the roughness. Schwartzberg and
Braslow in reference 4 showed that this critical value of the roughness
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Reynolds number was not greatly lncreased, even when the boundary layer
was stebilized to small two-dimensional disturbances by the applicetion
of area suction. Similar correlations were obtained by Klebanoff,
Schubauer, sad Tidstrom (ref. 5).

The difference in character for transitlon as caused by three-
dlmensional roughness (spheres cemented to the surface) from that caused
by two-dlmenslonal roughness (full-span cylindricel wire laid on the
surface parallel to the leading edge) is clearly shown by Klebanoff,
Schubauer, and Tidstrom in reference 5. Most of the recent date dealing
with the effects of two-dimensional roughness on boundary-layer transition
have been summarized by Dryden (ref. 6) for the case of zero pressure
gradient in the form of curves of the ratio of the tremsition Reynolds
number in the presence of roughness to the transition Reynolds number for
the model smooth plotted against the ratio of the height of the roughness
to the boundary-lsyer thickness. In this type of plot, the assumption
is made that transition will occur some distence downstreem of the rough-
ness and will gradually epproach the roughness position as the Reynolds
number is increased.

The deata of reference 1 suggested, and those of reference 5 con-
firmed, the conclusion that three-dimensional roughness elements either
had no effect on the boundary layer (suberitical condition) or, within
8 very narrow range of elther speed or height of roughness, caused tran-
sition to move substantially up to the element itself.

A remaining problem is the question of the proper criterion for the
effects of roughness when interactlon between the elements is & possi-
bility, as, for example, in the case of randomly distributed roughness.
Such randcomly distributed roughness cortresponds to the practical case
where the leading elge of the wing msy in effect became sand blasted or
covered with a sandpeper type of roughness. In this comnection, it may
be noted that the results of tests of airfoils with roughened leading
edges (refs. 7 and 8) appeared to indicate the possibility that such
roughness would have an effect on the alrfoil charscteristics only when
the Reynolds number based on the roughness helght and the free-stream
veloclty exceeded a criticael value which seemed to be independent of the
roughness size and the slze and shape of the alrfoll. Tt is not apparent
that such & criterion is consistent with the concept of a constent crit-
ical value of the locel roughness Reynolds mumber based on the veloeclty
at the top of the roughness.

The present experiments were carried out for the purpose of deter-
mining the transition-triggering characteristics of such three-
dimensional roughness particles when the roughness particles are randomly
distributed in a close pattern such as in a sandpaper type of roughness,
as well as of examining the relation between the two previously mentioned
three-dimensional roughness criteria. It was also desired to obtain the
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necessary experimental information in such a wey as to show the details
of the transition phenomenon more clearly than would be indicated by
time averaged veloclty or total-pressure boundary-layer measurements.

The investigation was made 1n the Langley low-turbulence pressure
tunnel at Mach numbers ranging fram 0.15 to 0.25 by use of an 85-inch-~
chord NACA 65(215)-llh airfoil section that completely spanned the

36-inch-wide test section. This airfoll is the same model on which
extensive laminer flow studies were reported Iin reference 9. The occur-
rence of trensition at verlous chordwise positions for each roughness
pogition was determined by means of a hot-wilre anemometer. A great many
qualitative Indlcations of the nature of the flow in the boundery layer,
8s well as a few quantitative measurements of the level of the velocity
fluctuations in the boundary leyer, were obtained by this method.

SYMBOLS

N distence normal to surface of airfoil

(o] total boundery-layer thickness where % = 1.0 in the
Kérmén-Pohlhausen method

k height of projection

c chord of airfoil

X distance from airfoil leading edge measured along the chord

s distance from airfoil forwerd stegnation point measured aslong
the airfoil surface

[ free-stream velocity

U local velocity Jjust outside boundery layer

u local streamwise component of veloclity inside boundary layer

U value of u at top of roughness projection

u' root-mean-square value of the streemwise component of fluctue~

ating velocity

Qoo free-stream dynamic pressure
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v coefficlent of kinematlc viscosity

Re alrfoll Reynolds number based on chord end free-gtream
veloeity, Umc/v

Rk projection Reynolds number based on roughness height and
velocity at the top of the roughness, uxk/v

Ry « projection Reynolds number based on roughness height and free-
stream velocity, Ugk/v

R' Reynolds number per foot of chord based on free-stresm
velocity, Us/v

Ry Reynolds number based on momentum thickness 6 and local
veloclty

o

9 momentum thickness of the boundery layer, u/‘ %<. - %ady
0

Subscripts:

t Reynolds number at which trensition takes place

min minimum value

APPARATUS AND TESTS

The tests were made in the Langley low-turbulence pressure tunnel
on an 85-inch-chord NACA 65(215)-11h airfoil section (fig. 1), which com-

pletely spanned the 36-inch width of the test section. The turbulence
level of the tunnel at the speeds involved in thies investigation is only
a few hundredths of 1 percent. A description of the tunnel is glven in
reference 10 and a detalled description of the model 1s given in refer-
ence 11. The surface finish of the model was such that leminar flow
could be meintained to the 50-percent-chord polnt up to a Reynolds num-

ber of 1k X 106, a value substantially the ssme as thet obtained pre-
viously in references 9 and 11 with the same model.

The pressure distribution of the model was measured from the leading
edge region back to approximately 65 percent of the chord by means of
0.008-inch-diameter pressure orifices drilled into the surface. Partic~
ular cere was taken to provide numercus orifices near the leading edge
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so that the location of the forward stagnation point could be accurately

determined. The nondimensional velocity distribution calculated from the
meesured pressure distribution along the upper surface is presented in
figure 2. 2

The appearance of transition was determined by use of a hot-wire
snemometer using a platinum iridium wire of 0.0003-inch dlameter and
of 3/32-inch length. Figures 3 and 4 sre photographs of the hot-wire
holder. The output from the hot-wire snemometer was fed into an oscil-
loscope and the traces on the cathode-ray tube were recorded on 35 milli-
meter £ilm by a speclal camers setup. The traces thus recorded were
correlated with the tunnel velocity, wire position, and roughness loca-
tion. The type of wire used in this investigation was one which was
sensitive only to variations in the u~component of wvelocity. The wire
was compenseted for heat-capacity lag at one test condition, and this
compensation setting was used for all observations. The cutoff freguency
of the smplifier was dbout 12,000 cycles.

The tests were made with the leading edge of l/h—inch roughness
strips 1 inch in span (fig. 4) located slong the center line of the model

at verious positions from % inch to 6% inches from the forwerd stagnation

point measured elong the surface and for full-span ares~distributed
roughness (fig. 1) from the forward stagnation point to 6 inches end to
12 Inches back of the forward stagnation polnt. The roughness in all
cases was provided by an application of either No. 60 or No. 120 car-
borundum grains, of grit sizes that met the specifications of refer-
ence 12. The grains were thinly spread over the surface to cover 5 to
10 percent of the surface area and were cemented by a thin coating of
shellac epplied before the roughness grains were spread. A closeup of
the roughness ss applied to the model is presented as figure 5.

In general, the No. 60 and No. 120 carborundum particles projected
above the surface sbout 0.011 inch and 0.005 inch, respectively; however,
the maximum perticle height in each patch is also of interest. During
the course of the investigation, although each roughness patch was exam-~
ined carefully with the unaided eye, the height of the particles was not
measured. Following completion of the tests, a series of ten patches
l/h inch by 1 inch of both sizes of grain were gpplled to a surface in
the same manner used in applying the grains to the airfoll surface, and
each of these patches was examined with a 15-power shop microscope to
determine the actual particle height. The results of this examinetion
are shown in figure 6, which shows the probability of finding at least
one roughness particle of a glven height in one patch of roughness. The
curves of figure 6 show that, for No. 120 carborundum grain of 0.005-inch
nominal size, it is virtuaelly certain that each patch would have at least
one particle projecting 0.008 inch above the surface, and asbout 50 per-
cent of the patches would have at least one particle 0.009 inch high,
whereas the chances of finding a particle 0.012 inch high would be very
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emall. Similarly, for the No. 60 carborundum of 0.0ll-inch nominal size,
it is virtually certain that every patch wlll contain at least one par-
ticle 0.016 inch high and approximately 50 percent of the patches will
have at least one particle 0.018 inch high, whereas the chances of finding
a particle 0.021 inch high in any patch is very smell. The probsble maxi-
mun helght of a particle for No. 120 cerborundum is therefore taken as
0.009 inch, and the probable maximum height of a particle for No. 60 car-
borundum is taken s 0.018 inch.

For each positlon of roughness, the hot-wire measurements were made
at a sufficient number of chordwise positions back of the roughness to
make possible determinetion of a curve of Reynolds number for transition
as a function of chordwise position of .the wire.

Some of the preliminary measurements were made with full-span strips
of roughness l/h-inch wide. The relatively nerrow width of the strip
was chosen in order to permit correlation of transition with local
boundary-layer conditions. When these measurements were mede, 1t was
found that, occasionally, the first indications of transition were
obtained at a substantiaslly lower tunnel speed for a downstream position
than for more forward positions. In each such case, reexamination of
the strip of roughness showed one or more particles in an off-center
locatlion projecting ebove the general level of the roughness. Becausge
of the manner in which turbulent flow spreads, such unusually high pro-
Jections affected the dowvnstream observations but not the upstresm ones.
In order to facilitate inspection of the strip of roughness, its spanwise
extent was reduced to 1 inch. Such small roughness strips were removed
and reapplied two or more times, and the Initial appearance of turbulence
in each case occurred at very nearly the same Reynolds number; these
results indlcated thet such roughness strips could be satisfactorily
duplicated.

BOUNDARY-LAYER CALCULATIONS

In order to correlate the occurrence of transition with local
boundary-layer condltions, it 1s of course necessary to know the velocity
distribution in the boundary layer for ell locations at which the rough-
ness is placed. These laminar boundary-ldjer characteristics were calcu-
lated according to the method outlined in reference 13, that is, essen-
tially by the Kérmé&n-Pohlhausen method as modified by Walz (ref. 13,
ch. 12, sec. B). This method 1s summerized in this section.

The momentum thickness © of the boundery layer may be camputed
from the following equation:
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(¢ ) = o2 -0 [ (2F -

The velocity distribution in the boundary layer msy be obtalned as
2
follows: The form parameter K 1is defined as 97 g:—z- or as

K =& iﬁ%é) (2)

4(3)

The form parameter K 1s related to the Pohlhausen shape parameter

A= 5_2_ QU a5 follows
vV dx
. 2
37 A A
K = ( - - A (3)
315 945 9072
The paremeter A may also be wriltten as
U
(%)
U
A = AR - (%)
a(3)
where

A

2 R

Equation (3) is then solved for A, and the velocity distribution
in the boundsry layer msy be obtalned by using the following expression

7 = F(n) + ae(n) (5)

where

.
]
o

F(n) = 2 - 210 + f*

a(n) = % WL - n)?
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The measured veloclty distribution over the elrfoll used in these calcu-
lations 1is presented 1n figure 2. The boundary-leyer pareameters A

and A were calculated by the use of the aforementlioned relations and
the measured velocity distribution. The shape paremeter A 1s plotted
egainst s/c in figure T, and the nondimensional boundary-leyer thick-

ness A or g JRe as a function of s/c is given in figure 8. In order

to facilitate the calculations involved in the analysis of the date, the
nondimensionel veloclty distribution u/U@ is also presented in figure §

as a function of %-{ﬁ; for various chordwise positions.

RESULTS AND DISCUSSION

Bot-wire traces of the time varistion of velocity in the boundary
layer as observed for various locations of the roughness are shown in
figure 10. For each location of roughness, observations were made at
varlous positions downstream throughout the renge of speed necessary to
include the transition phenomena at the point of observation. To the
left of—each hot-wlre trace is a short tick which indicates the corre-
gponding value of the Reynolds number per foot of chord es read on the
vertical scale of the figure. The chordwise location of the point of
observation of each group of hot-wire traces is indicated at the bottom
of the figure, as is the height of the wire above the surface in thou-
sandthe of an inch. Also shown in the figure is the time scale for the «
traces. Time increeses from left to right. It should be noted that
the smplifier gailn setting for the traces shown in figure 10(a) was the
seme for all traces. This procedure resulted in substantially e straight
line for the leminar traces. In parts (b}, (c), (a), (e), and (f) of fig-
ure 10, however, the amplifier gain was increased for the conditions corre-
sponding to completely leminer flow, and the traces for this condition,
therefore, show some velocity fluctuations. These fluctuations, however,
are of a completely different character from those corresponding to tur-
bulent flow.

In general, trensition appears to start as disturbances of very
short duration that occur comparatively infrequently at a position Just
behind the roughness. As the position of observaetion moves downstream
and the speed is kept constant, the frequency of the turbulent bursts
does not sppear to change, but the duratlon of each burst becomes longer.
This phenomenon is shown very clearly in figure 10(b) &t a Reynolds num-

ber of O.hh X 106. Figure 10 also shows that each burst of turbulence is
followed by & condition termed by Schubauer and Klebanoff (ref. 1) 88 & .
"ogarithmic decrement” type of velocity variation. The increase in

duration of individusl burste wlth distence downstream of the roughness

is consistent with the description of the origin of transition given in -
reference 14; that is, it is consistent with the concept of transition
beglnning as turbulent spots thet start in the vicinity of the roughness
and grow as they move downstream.
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A quantitative summery of the data of figure 10 is given by the data
presented in figure 11. Each part of figure 11 consists essentially of
a pair of curves. The lower curve of each pair glves spproximately the
lowest velue of the Reynolds number per foot at which asny turbulent
bursts were observed for a given locetion of the roughness plotted ageinst
the observetion position. The upper curve gives the maximum value of the
Reynolds number per foot at which any traces of laminar flow could -be
detected. In other words, for conditions corresponding to the lower
curve, the flow was neerly salways leminsr, end for those corresponding
to the upper curve, the flow was nearly always turbulent. Examlnation
of the various parts of figure 11 indicates thet the lowest speed at
which any turbulent flow could be found was substantially independent of
the position of observation. This 1s generally true except for the most
forward observation positions where, because of the extremely short dura-~
tion of the bursts, they were difflcult to observe and, &s & result, these
points may he plotted at too high a value of the unit Reynolds number.

The value of the speed at which the flow is nearly coampletely turbu-
lent decreases esppreciably as the point of observatlion moves downstream
for the more forward roughness locations (figs. 11(a) and (b)). This
trend is as would be expected if turbulence begen as a serles of turbu-~
lent bursts originating at or near the roughness and increasing 1ln size
as they moved downstresm. For the more downstreasm positions of the
roughness (figs. 11(c) to 11(£)), the upper snd lower curves almost
coalesce; that is, the speed range between fully laminer and fully turbu-
lent flow almost venishes. The data on which figure 11 is based include
many more observatlons than those presented in figure 10, which are merely
representative samples of the oscilloscope records.

Quentitative observations of the root-mean-square values of the
fluctuations were maede both with and without roughness through the speed
range corresponding to that for which turbulence occurred when roughness
weas present. Typlcal examples of these measurements sre presented in
Pigure 12 as functions of the free-stream veloclty. From figure 12, it
is seen that the root-mean-square level of fluctuastions in the laminar
boundery layer, even at positions as far downstream as 50 percent of the
chord, is as low on the airfoll with roughness present as on the smooth
airfoil. It thus eppears that, at speeds below those at which turbulent
bursts occur, the presence of the roughness does not result in any meas-
ureble disturbance in the boundery layer thet would hasten transition.
It is therefore to be presumed that, at speeds below the critical speed
for the roughness, no upstream movement of the transition region would
occur even 1f the model were sufficiently long for transition to occur
naturally in the region of favorable pressure gradient.

This type of phenomenon, therefore, appeers to be strongly con-
trasted to the manner in which transition occurs when it is caused by
two-dimensional disturbences. The data for the two-dimensional type of
disturbence have been summarized in reference 6. This summary indicates
that, for the case of two-dimensionsal disturbances, the roughness intro-
duces into the boundary layer a measurable disturbance which grows until
transition occurs.
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If, as seems likely from an examination of the oscillograph records
(see fig. 10), transition associated with the type of roughness of the
present investigation results from the formation of dlscrete eddies or
disturbances originating at the roughness particles, 1t should be possi-
ble to relate the occurrence of such disturbences to the characteristics
of local flow about the roughnees. That 1s, if all the roughness parti-
cles are regarded as belng geometrically similer, and if the roughness
is regarded as belng sufficlently submerged in the boundery layer to
provide substantially linear velocity vearistion from the surface to the
top of the roughness, discrete eddies should form when the Reynolds
number of the flow ebout the roughness reaches a critical value. This
concept 1s not new; it was proposed by Schiller (ref. 2) and used by
Ioftin in anslyzing the data presented in reference 1. - o

This view 1s supported by the data presented in figure 13, which
is a plot of the critical Reynolds number__Rk,t based on the height of

the roughness and the velocity at the top of the roughness as & functlon
of the chordwise position of the roughness. The velocity at the top of
the roughness was found either from the theoreticel boundery-leyer calcu-
lations previously described or, 1f the roughness projected completely
through the boundary layer, from the measured pressure distribution.

For all roughness positions more than 0.025¢ from the forward stagnation
point, the critical roughness Reynolds number Rk,t wasa substantially

constant within rather close limits. For positions nearer the forward
stagnation point than 0.025c, the critical roughness Reynolds number
Rk,t increased merkedly. It is ta be noted that, for positions nearer

the forward stagnatlon point than 0.025c, the roughness protruded nearly
through the boundary layer, and, for the three positions closest to the
forward stagnation point, the roughness protruded completely through the
boundery layer. (See fig. 1k.) It is entirely possible that for the
range of conditions of the present tests, the boundary lesyer over the
region of the airfoil in the vicinity of the forwsrd stagnation point
wag gsufficlently stable to cause small eddies originating at the rough-
ness toc be damped out before they travelled downstream far enough to
affect the less stable laminar boundery layer farther downstream. At
any rate, these results indicate that 1f the helght of the roughness
perticle is so small thet the roughness Reynolds number is less than 600
based on maximum particle size. or less than 250 based on nominal particle
size, the roughness is not large enough to cause transition. This state-
ment appears to be valid even for roughness heights several times the
boundary-laeyer thickness. The order of magnitude of the critical rough-
ness Reynolds number is within the range of those found by Loftin (ref. 1)
?nd is ?ot much different from the value found by Schwartzberg and Braslow
ref. I).

The extent of the roughened area does not eppear to have an important
effect on the height of roughness necessary to cause transition. When the
grains of roughness were spread from the leading edge to 6 inches or
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12 inches back of the leading edge (fig. 1), the airfoil Reynolds number
at which transition occurred was substantially the same as for a spot of

roughness 1 inch 1n span and l/h inch in chord located from 2 to 2% inches

from the forward stegnation point. This location (that is, the position
at which, for given free-stresm conditions, the value of the roughness
Reynolds number Rp was a maximum) was epproximetely the most critical

location for the height of roughness used.
APPLICATTION OF RESULTS

An examination of the consequences of the inference drewn from the
preceding discussion, namely, that transition occurs when the local
roughness Reynolds number R, exceeds a value of 600, is of interest.

The nature of these consequences will be exsmined with particular refer-
ence to the airfoil studied in the present investigation by calculating
the critical conditions for various heights of roughness. Figure 15
shows the variation of the roughness Reynolds number Rk for 0.018-inch

roughness particles with posltion along the surface for several values
of the asirfoll Reynolds number. The roughness position for maximum Ry

does not vary repidly with airfoil Reynolds number and occurs when the
height of the roughness is slightly less than the total boundary-lsyer
thickness. For far forward roughness positions, Ry 1is low because of

the low value of the potentisl flow velocity near the forwsrd stagnation
point. For far rearward roughness positions, Ry 18 low because the

roughness is deeply buried in the boundsry lsyer.

Several sets of calculations of this nature were mede for different
heights of roughness. The results are summarized in figures 16 and'lT.
For each height of roughness, the position along the surface corresponding
to a meximum value of Ry was found, and the value of R, corresponding

to a value of Ry of 600 at this location was then calculated. This
value of Re is the smallest value at which a value of R; of 600 can

be obtained with the roughness of a given height situeted at any position
along the surface. Figure 16 gives the relstion between the minimum crit-
ical airfoil Reynolds number end the most sensitive location of the rough-
ness, with the height of the roughness as a psrameter for a fixed value of
the critical roughness Reynolds number of 600. Figure 17 plots the same
information in a slightly different manner. Here the minimum wvalue of

the critical airfoil Reynolds number for a roughness Reynolds mumber

Rk,t of 600 for roughness situated at the most sensitive location is

plotted against the ratio of the roughness height to airfoil chord. From
figure 17, it is seen that the curve of Re,min for Rk,t = 600, when

plotted as a function of k/c on log log peper, is nearly a straight line
with a slope of -i. This result, of course, indicates that Rk,m: which
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is the product of k/c and Rc,min, is approximately constant and equal
to about 680. If this velue of Rk,o = 680 1s used as & criterion for

transition, it becomes a simple matter to determine whether a given height

of distributed roughness will cause tramsition for a given airfoil Reynolds
number. If this criterion 1s expressed in terms of the nominal size of the
roughness grain, the corresponding critical value of Rk,m is 415. This

criterion agrees very well with the data presented in references T and 8.

Although a particular pressure distribution was involved in the
determination of the simple criterion Ry o = 680, it seems reasonsble

that the critical value should not be very sensitive to the pasrticular
type of pressure distribution. In general, if 1t is assumed that the
value of Ry y 1s 600 for the case where the height of the roughness

is less than the total boundary-lsyer thickness and is et least as large
or larger for roughness that projects through the boundery leyer, this
condition will correspond to a value of Rk,w of about 680 if the air-

foll has a reasonably extensive region of low pressure gradient with a
veloclity outside the boundary leyer epproximately equal to the free-
stream velocity. Consider, for exemple, the case of a flat plate with
uniform pressure. If the roughness is so far forward that it projects
through the boundary layer, the value of Ry will not change with fur-

ther forward movement of the roughness. The data of figure 13 seem to
indicate, however, that the value of Rk,t has its lowest value when

the roughnese is just completely immersed in the boundary layer. For
this case, the value of Rk,t is 600 and the corresponding value of

Rk,m for a flat plate would be only slightly greater than this value

and thus would not differ greatly from the value of 680 found for the
present ailrfoil.

The minimum size of roughness that can be easily detected or the
gize of the splattered remains of insects are relatively fixed values

completely independent of wing slze. In view of these conditlions, the
U
significance of the unit Reynolds number (R‘ = 1;9 immediately becomes

clear. For example, if Xk 1s the height of the splattered remains of
~ insects, then if R' 1s so small that Ry, 18 less than about 680,

the remains of the insects should not cause premature transition. If,
for the sake of discussion, it is agssumed that the height of the insect
remains or the minimum size of roughnegs that can be easily detected is

about 0.001 inch, the critical value of R' will be about 8.2 X 106.
This value of the unit Reynolds number R' for trensition is in general
agreement with values considered acceptable on the basis of wind-tunnel
experience in the Langley varisble-density and low-turbulence pressure
tunnels. In the varisble-density-tunnel tests, in which R' was usually
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gbout T X 106, a fair amount of difficulty was experienced in maintaining
the leading edge of the airfolils smooth enough to obtain consistent

results for the meximum 11ft coefficlents. In the low-turbulence-pressure
tunnel, essentially no difficulty was experienced in obtalning the design

laminasr flow for s unit Reynolds number R' = 1.5 X 106 and only occa-

sional difficulties for R' = 3 X 100; however, for R' sbove these
values, the difficulty of obtaining extensive laminer flows increased
markedly.

Figure 18 translates this criterion into more easily appreciated terms.
The critical size of roughness for an assumed free-stream Mach number of 1.0
has been computed as a function of altitude by using NACA standsrd atmosphere
(ref. 15). At sea level, the critical size is sbout 0.001 inch. This )
increases to about 0.002 inch at 20,000 feet and 0.010 inch at 60,000 feet.
For altitudes above 30,000 or 40,000 feet, it does not seem likely that
accildental surface roughness should meke it difficult to obtain extensive
laminar flows. Of course, bullt~in roughness such &8 lap or butt Joints,
surface waviness, or rivet heads might still be sufficiently large to
cause transition.

CONCILUSIONS

A low-speed investigation in the Langley low-turbulence pressure
tunnel to determine the effect of grain height and locetion on the tran-
sition characteristics of sandpaper type of roughness on asn NACA
65-series airfoil section indicates the following conclusions:

1. If the roughness is sufficiently submerged in the bhoundery leyer
to give substantially linear varlation of the boundary-layer velocity
with distance from the surface up to the height of the roughness, tur-
bulent spots begin to appear immediately behind the roughness when the
Reynolds number Ry, based on the velocity at the top of the roughness

end. the roughness height, exceeds a critical value Rk,t of approxi-~
mately 600.

2. At Reynolds numbers even slightly below the critical value, the
sendpeper type of roughness introduced no measurable disturbances into
the laminar lsyer downstresm of the roughness.

3. The most sensitive position for roughness grains of a given size,
that 1s, the roughness position for which the critical value of the model
Reynolds number is least, is that at which the roughness height is slightly
less than the total laminsr boundary-layer thickness.
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4. The chordwise extent of the roughéned ares does not appear to
have an important effect on the critical wvalue of the roughness Reynolds
number Rk,t-

5. If the airfoll has a reasonably extensive region of low pressure
gradient with a veloclty outslde the boundery layer approximately equal
to the free-stream velocity and roughness so distributed over the leading-
edge region as to include the most sensitive position, the condition
Rk,t = 600 may be approximately replaced by the more easily calculated

condition Ry o = 680, where Re,o 18 the Reynolds number based on the
gize of the roughness and the free~-stream veloclty.

Langley Aeronautical Leboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va., August 15, 1956.
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Flgure 1.- Three-quarter view of 85-inch-chord NACA 65(215)—111L airfoll section with No. 60 car-
borundum grains from forward stegnation point to 12-inch stetion.
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Figure 2.- Nondimensional veloclty distribution outside of the boundary
layer for NACA 65(215)—llh airfoll section at angle of sttack of 0O°.
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Flgure %.- Hot-wire holder used in investigation.
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Figure T.- Pohlhausen shape paremeter A for a laminar boundary layer
on NACA 65( 215) -11k airfoil section at engle of attack of 0°.
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Figure 8.- Nondimensional laminar-boundary-layer thickness distribution
for NACA 65(p15)-114 airfoil section.
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Hot-wire locatlon back of forward stagnation point and distence shove surface

HACA TN 3858

positions through transition-speed

renge for 85-inch-chord NACA 65(nq5)-114 airfoil section with various locations and sizes of

(a) No. 60 cerborundum from 0.25 to 0.50 inch back of forwsrd stegnation point.

roughness.

Flgure 10.- Typicel oscillograph records at various chordwise
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Figure 10.- Continued.
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Figure 13.- Roughness Reynolds number for transition on NACA 65(EL5)—1_'I.4 airfoil section =8 a
function of roughness locat'ion.
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